Required for the assembly and maintenance of eukaryotic cilia and flagella, intraflagellar transport (IFT) consists of the bidirectional movement of large protein particles between the base and the distal tip of the organelle.
Introduction
Eukaryotic cilia and flagella are specialized organelles found at the periphery of cells of diverse organisms.
These cellular appendages have been adapted for multiple uses such as bulk fluid movement, cellular motility and sensing extracellular signals (1) (2) (3) .
The significance of these organelles in human health is becoming increasingly obvious as the list of diseases associated with cilia and flagella continues to expand. These include polycystic kidney disease (PKD; 4-6), ocular degeneration (7), immotile cilia and Kartagener's syndromes (8, 9) and Bardet-Beidl syndrome (10, 11) . Although the functions of cilia and flagella have evolved considerably, all of these organelles appear to be assembled via the same ancient process known as intraflagellar transport or IFT (reviewed in 12, 13) .
IFT is an intracellular, bidirectional movement of protein particles along the length of cilia and flagella (14, 15) . Anterograde transport of particles to the distal tip of the organelle is driven by kinesin-2 (15) (16) (17) while retrograde transport of particles to the cell body is driven by cytoplasmic dynein-1b/2 (18, 19) .
The IFT particles are composed of at least seventeen proteins that form two distinct complexes known as A and B (17, 20) . Complex A contains six subunits ranging from 43 to 144 kDa, while complex B contains at least eleven subunits ranging from 20 to 172 kDa (12) . The IFT motors and particle proteins are well conserved in ciliated organisms (13) . In Chlamydomonas reinhardtii, defects in the anterograde motor, kinesin-2, result in reduced delivery of axonemal building blocks and either shortened or absent flagella (15, 16, 21, 22) . Defects in the retrograde motor, dynein 1b, result in shortened flagella filled with IFT particles (18, 19, 23, 24) . Mutations that affect specific Chlamydomonas IFT particle proteins also result in flagellar assembly phenotypes. For example, deletion of the complex B genes, IFT88 (4) and IFT52 (25, 26) result in flagella-less cells while a temperature-sensitive mutant in IFT172, fla11 ts , is defective in both flagellar assembly and remodeling IFT particles at the flagellar tip (27) . As in Chlamydomonas, IFT mutants in other ciliated organisms are also characterized by defects in ciliary assembly (13) .
While functional studies of IFT have progressed rapidly, little is known about the structure of the IFT particles and complexes. Sequence analysis does reveal that many of the IFT particle proteins contain sequence motifs that predicted to form protein-protein binding domains (12) . These domains include tetratricopeptide (TPR) repeats (28) , WD-40 repeats (29) , coiledcoil domains (30) , and novel degenerate repeats termed WAA repeats found only in IFT particle proteins (27) . Some of these domains, such as TPR and WD repeats are well known for mediating transient protein-protein interactions while coiled-coil domains typically mediate more stable or long term interactions. Transient proteinprotein interactions would likely be useful in the binding, transport and release of specific IFT cargos, such as radial spoke complexes (31) . Transient interactions might also play a role in the assembly, disassembly and rearrangement of the large IFT particles which occur at the base and tip of the organelle (32) . More stable interactions such as those generated by coiled-coils could serve to keep the smaller units such as complexes A and B intact.
Here we report on the cloning of the Chlamydomonas IFT81 gene which encodes a protein predicted to form extensive coiled-coils (33) . IFT81 is shown to be an integral component of a salt-stable fraction of complex B, which also contains IFT88, IFT74, IFT72, IFT52, IFT46, and IFT27 and is now termed the complex B core. IFT74 and IFT72 are both derived from the same gene and are often referred to as IFT74/72 (31) . With increased ionic strength, IFT172, IFT80, IFT57 and IFT20 completely dissociate from complex B and appear to be independent of each other. To investigate potential protein-protein interactions within the complex B core, a combination of chemical cross-linking, immunoprecipitation, and MALDI-TOF mass spectrometry was utilized. With this approach, we identified cross-linked products that contained only IFT81 and IFT74/72. Subsequent yeast-based two-hybrid analysis suggested that IFT81 interacts directly with IFT74/72 through a predicted coiledcoil domain.
IFT81 was also found to homodimerize in the yeast two-hybrid system. Lastly, yeast-based three-hybrid analysis supports the hypothesis that IFT81 and IFT74/72 form a higher order oligomer that is consistent with the tetrameric complex (IFT81) 2 (IFT74/72) 2 . Cloning of IFT81 -A Chlamydomonas cDNA expression library (generously provided by P. Lefebvre, Minnesota) was screened using a set of four anti-IFT81 monoclonal antibodies, 81.1-81.4 (17) , as directed by the manufacturer (Stratagene). One clone, p10C, cross-reacted with three of the four antibodies (all but 81.2) and was later found to contain the 3'-end 1,018 nucleotides of the IFT81 cDNA. The initial and largest ORF of p10C encoded the carboxyl-terminal 129 amino acids (14.0 kDa) of the IFT81 protein. In a separate experiment, sucrose density gradientpurified IFT proteins were separated by 2-D gel electrophoresis as described previously (17) . The IFT81 protein band was excised from the 2-D gel, digested with trypsin, and fractionated by reverse phase HPLC. Edman degradation of two isolated tryptic peptides yielded the following sequences, tr-16: YHMLHCQLHITDQNIK and tr-18: NAEGGGSGAVFSEE. The former peptide was encoded by p10C while the later was used as a template to design degenerate PCR primers for amplification of additional IFT81 cDNA sequence. This approach allowed us to identify an additional 516 bp of cDNA sequence. In order to complete the sequencing of the IFT81 cDNA, additional cDNA clones were obtained by screening the cDNA library. The IFT81 cDNA sequence was later verified with a full length cDNA clone (Accession # AV630357; 35, 36 Northern Analysis -CC-124 gametes were deflagellated by pH shock and total RNA was isolated and stored as described previously (27) . For electrophoresis, total RNA was fractionated on 1.2% formaldehyde agarose gels and then transferred to nylon membranes (Hybond-N; Amersham) and probed with 32 P-probes according to (37) . Ribosomal RNA stained with ethidium bromide was used as the loading control. Flagellar Isolation -Flagella were isolated from Chlamydomonas by pH shock as described by Witman et al. (38) with minor modifications as follows. Cells (16-32 L) were harvested using a Pellicon tangential flow cell concentrator (Millipore, Bedford, MA) to a volume of 1-2 L. Cells were then collected by centrifugation at 900 x g for 2 minutes at 25°C. Cell pellets were resuspended into 4-6 L of fresh M 1 medium (39) and placed under light with continuous air bubbling until nearly all cells were flagellated. Flagellated cells were concentrated as described above and the cell pellets were resuspended in 500 mL of 10 mM HEPES, pH 7.2; 50% sucrose was added to a final concentration of 5% ten minutes prior to deflagellation. The addition of 5% sucrose increased the yield of IFT proteins present in the excised flagella.
MATERIALS AND METHODS

Strains and Reagents
To initiate deflagellation, 0.50 M acetic acid was added to lower the pH of vigorously stirred cells to 4.6. After 30 secs, deflagellation was confirmed using phase contrast microscopy and the suspension was quickly neutralized to a pH of 7.2 using 0.50 M KOH; the cell suspension was placed immediately on ice. All subsequent steps were performed at 4°C or on ice. Protease inhibitors were added to the following final concentrations: 0.1 mM PMSF, 1.7 ug/ml aprotinin, 10 ug/ml leupeptin, 0.1 ug/ml pepstatin A, and 5.0 ug/ml soybean trypsin inhibitor. After 10 minutes of cooling, most of the cell bodies were removed by centrifugation at 900 x g for 2 min at 4°C. The supernatant was layered over 13 ml 30% sucrose cushions in 50 ml conical tubes and centrifuged at 800 x g for 10 minutes at 4°C in a swinging bucket rotor. Flagellar supernatants were pooled and further centrifuged at 10,000 rpm for 15 minutes in a Sorvall SS-34 rotor. Flagellar pellets were resuspended in HMEK buffer (10 mM HEPES, 5 mM MgSO4, 0.5 mM EDTA, 25 mM KCl, pH 7.2) with protease inhibitors present and then centrifuged in a microcentrifuge at 16,100 x g for 10 minutes. The supernatant was discarded and flagellar pellets were stored indefinitely at -80°C. Preparation and Sizing of the Complex B CoreFlagellar matrix samples were prepared by resuspension of frozen flagellar pellets in HMEK buffer + 300 mM NaCl (HMEK-300) with protease inhibitors. Flagella were mechanically sheared by pipetting at least 80 times with a 200 ul pipettor. Axonemal and insoluble proteins were removed by centrifugation at 16,100 x g for 10 minutes at 4°C; the supernatant was considered to be the flagellar matrix consisting primarily of soluble flagellar proteins.
Sucrose density gradients (10-25%) were made in 14 x 89 mm tubes with solutions containing HMEK-300. The flagellar matrix was centrifuged through the gradients for 16 hours at 37,000 rpm using an SW41-Ti rotor (Beckman) at 5°C. Gradient fractions (~525 ul) were collected from the bottom using capillary tubing and a peristaltic pump with a flow rate of 1.05 ml/min. Although complex B partially dissociated under these gradient conditions, a core group of complex B subunits including IFT88, IFT81, IFT74, IFT72, IFT52, IFT46, and IFT27, remained together with a sedimentation value of 11.0 S. Sedimentation standards used were: thyroglobulin, 19.3 S, catalase, 11.3 S, bovine serum albumin, 4.65 S, ovalbumin, 3.5 S, and bovine heart cytochrome c, 1.86 S.
In order to determine the diffusion coefficient for the complex B core, the ~11 S sucrose gradient fractions were pooled and loaded onto an FPLC 1.6 x 60 cm Sephacryl S-300 (Amersham) gel filtration column equilibrated in HMEK-300.
This was repeated with three separate preparations of 11 S complex B core. The complex B core proteins co-eluted at an average peak volume of 40.5 ml corresponding to a diffusion coefficient of 1. . The column bed and void volumes were determined with blue dextran and ATP, respectively. The apparent molecular mass of the complex B core were determined with the Svedberg equation (40) ,
where R is the gas constant, T is temperature in Kelvin, ν is the partial specific volume of the protein, ρ is the solution density, and S and D are the experimentally derived sedimentation and diffusion coefficients, respectively. The partial specific volume was assumed to be 0.72 cm 3 /g and the solution density was assumed to be 1.00 g/cm 3 . Preparation of Anti-IFT81 Resin -Three monoclonal antibodies raised against IFT81, 81.1, 81.3, and 81.4 (17) , were partially purified from mouse ascites fluid using CM-Affi-Gel Blue (BioRad) following the recommended procedures. Antibodies were further purified using protein Gconjugated Sepharose beads (Sigma) as described by Harlow & Lane (41) . Protein G-purified antibodies were concentrated to ~10 mg/ml using Centriprep-30 spin columns (Amicon) preincubated with 5% Tween-20 in PBS and rinsed thoroughly with deionized water just prior to use. Concentrated antibodies were dialyzed against conjugation buffer containing 0.1 M NaHCO 3 , pH 8.4, 0.5 M NaCl and then conjugated to CNBractivated Sepharose 4B (Sigma) for overnight at 4ºC. The anti-IFT81 resin was then blocked using 1.0 M ethanolamine pH 8.0 for 2 hours at room temperature. Chemical Cross-Linking -Sucrose gradient fractions enriched in the complex B core were pooled and divided into equal aliquots. Gradient fractions were either treated with the chemical cross-linkers 1-5-diflouro-2,4-dinitrobenzene (DFDNB; Pierce), or dimethyl adipimidate (DMA; Pierce) at final concentrations of 0.0, 0.03, 0.1, 0.3, and 1.0 mM for 10 minutes on ice before being quenched with 10 mM Tris-HCl pH 8.5. The complex B core was then bound to anti-IFT81 antibody resin. The supernatant was removed and the resin was washed three times with 15 bed volumes of HMEK-300. The proteins were eluted from the resin by boiling in an equal volume of 2X SDS sample buffer. Immunoprecipitates were separated on 4.0, 5.0, 6.0, or 7.5% SDS-PAGE gels (42) and visualized with Coomassie Blue. Protein bands containing cross-linked products were excised from the gels, digested with trypsin and analyzed by matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry. Resulting peptide masses were compared to expected IFT81 and IFT74/72 peptides using Protein Prospector (43) . Yeast-Based Two and Three-Hybrid AnalysisHybrizap 2.1 yeast two-hybrid vectors and the YRG-2 yeast strain were obtained from Stratagene while the yeast three-hybrid pBridge vector was obtained from BD-Biosciences.
All IFT81 constructs for this analysis were PCR-amplified and subcloned using a full-length cDNA clone, #LCL077g05_r ((Accession #: AV630357; Kazusa DNA Research Institute, Kisarazu, Chiba, Japan; (35, 36) , as a template. The IFT81 constructs used for two-hybrid and three-hybrid analyses include 81F (amino acids 1-683), 81CC12 (amino acids 125-683), 81N (amino acids 1-128), 81CC1 (amino acids 125-454), 81CC2 (amino acids 446-632), and 81C (amino acids 625-683). In brief, all PCR products of IFT81 were first ligated into TOPO Zero-Blunt pcr4 vectors according to the manufacturer (Invitrogen). Each cDNA insert was excised by restriction digest and ligated into the two-hybrid vectors, pAD-GAL4-2.1 and pBD-GAL4-Cam, using T4 DNA ligase (Invitrogen Inc.) according to standard procedures.
The cloning of the IFT74/72-Mid construct containing amino acids 210-397 was previously described (31) . The other IFT74/72 constructs were generated from a full-length IFT74/72 cDNA template which was generated as follows. Total Chlamydomonas RNA was isolated from strain CC-124 30 minutes after deflagellation as previously described (27) . First strand cDNA synthesis was performed using the ThermoScript RT-PCR system (Invitrogen). Second strand synthesis was carried out using the following IFT74/72 gene specific primers. Upper primer: 5'-ATGGACAGGCCCTCTAGCCGCG-3'. Lower primer: 5'-TACACCACGTTCTTGAC-3'. The resulting full length IFT74/72 cDNA was cloned into the TOPO Zero-Blunt pcr4 vector and used as a template to PCR amplify IFT74/72 cDNA to prepare the AD and BD two-hybrid constructs as described above for IFT81.
The resulting IFT74/72 constructs are 74F (amino acids 1-641), 74N (amino acids 1-137), 74CC1 (amino acids 137-457), 74NCC1 (amino acids 1-457), 74MID (amino acids 210-610), 74CC2 (amino acids 424-563).
Three-hybrid analysis utilized the pBridge vector (BD-Biosciences) which contains two multiple cloning sites, MCSI and MCSII. MCS-1 generates a DNA-binding domain (BD) fusion protein under the regulation of the ADH promoter, while MCS-2 is responsible for expression of a second protein under the regulation of the MET25 promoter. The full length 74F was ligated into the pBridge MCS I using the Eco RI and Sal I restriction sites while 81F was ligated into MCS II using the Not I and Bgl II restriction sites producing the pBri-74F-81F plasmid.
As a control, 74F was ligated into MCSI without placing any inserts into MCSII producing the plasmid, pBri-74F.
All yeast media was made according to the Hybrizap 2.1 manual (Stratagene). Yeast transformations were essentially performed as described by Gietz and Woods (44) . Briefly, yeast were grown on solid YAPD (20 g/L difco peptone, 10 g/L yeast extract, 20 g/L agar, 40 mg/L adenine sulfate, 2% (v/v) glucose, pH 5.8) media for 2-3 days.
Cells (25 µl/transformation) were transferred to 1.0 ml sterile water and centrifuged for 5 seconds at 16,000 x g. Cell pellets were resuspended with 1.0 ml sterile 100 mM LiOAc at 30 ºC and incubated for 5 min at 30 ºC. Cells were split into equal aliquots representing the number of transformations and centrifuged at 16,000 x g for 5 seconds. The supernatant was removed and the following reagents were added to the cell pellet in order, 240 µl polyethylene glycol 3,350 (50% w/v, filter sterilized), 36 µl 1.0 M LiOAc, 60 µl sheared salmon sperm (2.0 mg/ml, boiled 5 min, and set on ice for at least 30-60 seconds), 3 µl plasmid DNA (0.2-1 µg/µl). Each sample was vortexed vigorously for 3 min and then incubated for 20 min at 42 ºC. Cells were centrifuged at 16,000 x g for 10 seconds and then gently resuspended in 200 µl of sterile water with wide bore pipette tips and plated onto appropriate dropout media. Yeast whole cell lysates were prepared using the yeast protein extraction reagent, YPER, (Pierce) and analyzed by western blotting to confirm fusion protein expression. Anti-Gal4-AD and anti-Gal4-BD monoclonal antibodies were purchased from BD-Biosciences.
The two-hybrid strong interaction control consisted of amino acids 132-236 of wild-type lambda cI, fragment C, fused to both the AD and BD proteins. This protein is able to homodimerize with a Kd of 20 nM (Stratagene, Inc). The weak interaction control consisted of a mutant form of the lambda cI protein fused to both the AD and BD proteins. The mutant form of the protein has a homodimerization Kd of 200 nM. It should be noted, however, that Estojak et al (45) determined that interactions identified in yeast two-hybrid analysis do not have a linear correlation to Kd values determined with in vitro binding assays. Thus, identification of two-hybrid interactions that are similar to either the strong positive or weak positive control does not allow us to estimate Kd values.
RESULTS
Partial Dissociation of IFT Complex B Reveals a
Stable Core -Under low salt conditions, Chlamydomonas IFT proteins are known to separate into two complexes known as A and B (17) . By increasing the ionic strength, complex B, but not A, is disrupted. In this study, when flagellar extract (matrix) was fractionated on sucrose density gradients containing the low salt buffer, HMEK, supplemented with 300 mM NaCl (HMEK-300), IFT complex B dissociated into several components while complex A remained intact at ~16 S (Fig.1) . The dissociated B subunits included IFT20 which was found near the top of the gradient at ~3.5 S and IFT57 which peaked at ~7.5 S.
The additional dissociated subunits included IFT172 and IFT80 (CHE2) which cosedimented at ~6.5 S.
Hydrodynamic measurements (27) and immunoprecipitations of IFT172 (data not shown), however, lead us to conclude that IFT172 and IFT80 are not associated with one another under these conditions. In contrast, IFT81, IFT74, IFT72, IFT52, IFT46, and IFT27 co-sedimented as a single core complex at 11.0 S while IFT88 was spread out over several fractions suggesting that only a portion of IFT88 was associated with the complex B core under these conditions.
The core subunits that co-sedimented at 11 S in HMEK-300 were also found to co-elute together from a Sephacryl S-300 gel filtration column (Fig. 2) . Based on this elution, the diffusion coefficient of the complex B core was determined to be 1.80 x 10 -7 cm 2 sec -1
. Combining the sedimentation value and diffusion coefficient in the Svedberg equation (40), the approximate molecular mass of the complex B core was calculated to be 5.0 x 10 5 Da. Based on predicted protein masses, the total mass of a complex containing one copy each of IFT88, IFT81, IFT74, IFT72, IFT52, IFT46, and IFT27 is predicted to be 4.2 x 10 5 Da. If the mass of IFT88, which appears to be present at substoichiometric levels, is omitted, the predicted mass is only 3.3 x 10 5 Da. Densitometry of the complex B core reveals that IFT81 stains with Coomassie Blue at a level that is 1.4 fold higher than either IFT74 or IFT72 (data not shown) suggesting that IFT 81 may be present at a two-fold stoichiometry relative to the other complex B subunits. If two copies of IFT81 were present in each complex B core, the summed mass of the core would be predicted to be either 4.1 x 10 5 Da in the absence of IFT88 or 4.9 x 10 5 Da when IFT88 is bound. Thus, the experimentally calculated molecular mass of 5.0 x 10 5 Da for the complex B core is more consistent with two copies of IFT81. Since this approach, however, is not precise, we can not rule out the possibility that only one IFT81 subunit is present in each IFT complex B. (17) . IFT81 is similar to two previously identified complex B subunits, IFT74 and IFT72 (31) . Since IFT74 and IFT72 are nearly identical and are encoded by the same gene, they are often referred to as IFT74/72 (31). Although IFT81 and IFT74/72 are only weakly related at the amino acid level (13.4% identity; 43.5% similarity), they share similar domain structure with respect to predicted formation of coiled-coil domains (Fig  3B; 33) . Like other flagellar genes, expression of both IFT81 and IFT74/72 are upregulated within 15 minutes following deflagellation ( Fig 3C) . As observed with IFT74/72 (31), the IFT81 protein has been conserved in ciliated organisms ( Supplemental Fig. S1 ); homologues to IFT74/72 and IFT81 have not been identified in non-ciliated organisms.
IFT81 is a Coiled-Coil Protein -
Anti-IFT81 monoclonal antibody (17) screening of a Chlamydomonas cDNA expression library was used to identify a partial IFT81 cDNA which served as a probe to identify additional cDNA clones and to screen for Chlamydomonas genomic BAC clones. cDNA clones were used to elucidate the complete IFT81 cDNA while the BAC clones were used to identify the intron-exon structure of the IFT81 gene. The IFT81 gene contains 13 exons interrupted by 12 introns as shown
Chemical Cross-Linking of IFT81 and IFT74/72 -
In order to better understand the architecture of the IFT complex B core, we initiated a series of chemical cross-linking experiments. The 11 S complex B core fractions were pooled from sucrose density gradients and treated with one of two cross-linking reagents, 1,5-diflouro-2,4-dinitrobenzene (DFDNB) or dimethyl adipimidate (DMA). After cross-linking was quenched, the complex B core was precipitated with anti-IFT81 resin followed by separation on low percentage acrylamide SDS PAGE (Fig  4) . Immunoprecipitation generated a 10-20 fold concentration of the proteins of interest concomitant with removal of background proteins. With increasing concentration of cross-linker, high mobility protein bands corresponding to unique cross-linked species appeared on the gels. A DFDNB cross-linked product with a relative mobility of ~200 kDa (Fig. 4A, asterisk) was excised, digested with trypsin, and analyzed using MALDI-TOF mass spectrometry. This analysis yielded 25 peptide masses that ranged in size from 700 to 2,300 Da. Thirteen of the masses matched theoretical tryptic peptides from IFT81 while eleven masses matched IFT74/72 tryptic peptides (Table I) . One mass did not match any predicted IFT tryptic peptide. Thus, we conclude that only IFT81 and IFT74/72 were present in that specific cross-linked sample.
The rate at which cross-linked proteins migrated through the SDS PAGE gels was sensitive to the amount of acrylamide used to form each gel. For example, experiments using DMA yielded a cross-linked IFT81-IFT74/72 product with a relative mobility of ~250 kDa when separated by SDS PAGE using 7.5% acrylamide (Fig. 4B) . When fractionated on a 4% gel, however, the same cross-linked species was resolved into two distinct protein bands with relative mobilities of ~165 and ~158 kDa (Fig.  4C) . Subsequent mass spectrometric analyses of these two samples revealed that both contained only IFT81 and IFT74/72. We conclude that these two separate species represented distinct crosslinking events between IFT81 and IFT74/72. It is possible that the slower mobility species was a product of IFT81-IFT74 while the faster mobility species was a product of IFT81-IFT72.
IFT81 Can Interact With the First Coiled-Coil
Domain of IFT74/72 -A GAL4-based yeast twohybrid system was used to test the hypothesis that IFT81 and IFT74/72 interact directly (47) . Full length ORF cDNA for IFT81 (81F) and IFT74/72 (74F) were separately cloned into both the binding domain (pBD) and activation domain (pAD) vectors. As demonstrated in Figure 5 (Lanes 5 and 6), strains that were co-transformed with either AD-81F/BD-74F or AD-74F/BD-81F allowed the yeast to grow on selective defined media lacking histidine. Comparison of serial dilutions of these strains relative to positive interaction controls demonstrate that IFT81 and IFT74 interact strongly in this assay.
To determine which portions of IFT81 and IFT74/72 were required for interaction, deletion constructs were generated for both the AD and BD vectors and assayed for interactions. Serial dilutions of transformed yeast strains were plated on selective media as shown in Fig. 5 ; colony growth in the absence of histidine is recorded in Fig. 6 . In this assay, all IFT74/72 constructs that expressed the first predicted coiled-coil domain showed a strong interaction with the full-length IFT81 protein (Fig. 6A) . Indeed, this domain (CC1; residues 125-454) by itself was sufficient to produce an interaction with IFT81. In contrast to IFT74/72, IFT81 constructs required the inclusion of both coiled-coil domains in order to interact with full length IFT74/72 (Fig. 6B) . Unexpectedly, IFT81 also displayed a weak interaction with itself (Fig. 6C) . This raised the possibility that IFT81 might homodimerize in IFT complex B and suggested that IFT81 and IFT74/72 are capable of forming a higher order oligomer. It should be noted that the same two IFT81 constructs that were able to homodimerize were also the only two constructs capable of interacting with full length IFT74/72. In contrast to IFT81, IFT74/72 was not capable of interacting with itself in the yeast two-hybrid system.
IFT81 and IFT74/72 can Form a Higher Order
Complex -A GAL4-based yeast three-hybrid system was used to test the hypothesis that IFT81 and IFT74/72 can form a higher order oligomer. This particular three-hybrid assay differs from the GAL4-based two-hybrid assay by controlling the expression of a third protein which might enhance or interfere with the interaction between two proteins (48) . While the AD vector can be identical to those used in the two-hybrid assays discussed above, the pBridge vector contains two multiple cloning sites. The first site, MCS-1, generates a DNA-binding domain (BD) fusion protein under the regulation of the ADH promoter. The second site, MCS-2, which is responsible for expression of a third protein, is under the regulation of the MET25 promoter. Thus, in the absence of methionine, a third protein is expressed and its effect on enhancing or inhibiting the interaction between the AD-and BD-fusion proteins can be analyzed. In practice, however, we found that the MET25 promoter is leaky in the presence of methionine. When 81F was placed into MCS-2, HA-tagged full length IFT81 protein was expressed in yeast grown with or without methionine in the medium (Fig. 7A) .
To circumvent this problem a control vector was generated in which no IFT81 cDNA was placed in MCS-2; this eliminated the possibility of IFT81 expression.
To determine if IFT81 was able to "bridge" an interaction between BD-74F and various AD-74 deletion constructs, yeast strains were transformed with one of two pBridge vectors. The first vector contained both pBD-74F and HA-81F (termed pBri-74F-81F); the second, control vector contained pBD-74F with an empty MCS-2 (termed pBri-74F). Both pBridge vectors were tested against all of the previously described pAD-74 constructs. As a positive control, the pBri-74F vector was tested against pAD-81F, which showed the expected strong interaction (Fig. 7B, Lane 1) . In the absence of IFT81 expression, no positive interaction was observed between BD-74F and the AD-74 constructs (Fig. 7B, Lanes 2-7) . When full length IFT81 was expressed, however, positive interactions were observed between BD-74F and some of the AD-74 constructs (Fig. 7C, Lanes 1-7) .
Interestingly, the AD-74 constructs that showed interaction were identical to the deletion constructs that showed interaction with full length IFT81 (Fig. 6, Panel A) . These data indicate that IFT81 is capable of bringing together two or more copies of the IFT74 protein.
The Human Homologues of IFT81 and IFT74/72
Interact -The mammalian homologues of Chlamydomonas IFT81 (CrIFT81) and IFT74/72 (CrIFT74) are known as CDV-1r (49) and CMG-1 (50), respectively. The overall amino acid identity between CrIFT81 and HsCDV-1r is 29% (54% similarity) and between CrIFT74 and HsCMG-1 is 24% (50% similarity). Lupas analysis (51) reveals that HsCDV-1r and CMG-1 are expected to form coiled-coil domains similar to CrIFT81 and CrIFT74, (data not shown). Like CrIFT81 and CrIFT74, yeast-based two-hybrid analysis revealed strong interactions could occur between full length HsCDV-1r and full length HsCMG-1 (Table II) . In contrast to CrIFT81, however, HsCDV-1r did not show any indication of homodimerization. Lastly, the human CMG-1 was capable of homodimerization in the two-hybrid assay but the slow colony growth suggested a weak interaction.
DISCUSSION
The Complex B Core is Defined by Seven IFT Proteins -Chlamydomonas IFT particle proteins can be separated into two complexes, A and B, which contain at least six and eleven subunits, respectively (17, 52) . It was previously reported that addition of 50 mM NaCl to HMEK buffer was sufficient to cause IFT172 to partially dissociate from complex B (17) while addition of 100 mM NaCl was sufficient to cause IFT172 to fully dissociate from complex B and behave as a monomeric protein (27) . We have shown here that complex B can be further disrupted by supplementing HMEK buffer with 300 mM NaCl (Fig. 1) . Under these conditions, IFT172, 80, 57, and 20 fully dissociated and IFT88 partially dissociated from complex B. The 11.0 S complex B core contained IFT88, 81, 74, 72, 52, 46, and 27. Subsequent gel filtration under these same conditions revealed that all of the complex B core subunits stayed together and co-eluted with a relatively small diffusion coefficient of 1.80 x 10 -7 cm 2 /sec (Fig. 2) . These hydrodynamic measurements were used to predict a core molecular mass of 504 kDa. This mass is consistent with a core that contains two IFT81 subunits and one each of the IFT88, 74, 72, 52, 46 and 27 subunits which have a total predicted mass of 492 kDa (Fig. 8) . The calculations based on hydrodynamic measurements, however, are an estimate. Thus, even though gel densitometry indicates that IFT81 is present at a 1.4-fold stoichiometry relative to IFT74 and IFT72, we can not rule out the possibilities that (1) only a single copy of IFT81 is present in each complex B or (2) that the stoichiometry of the IFT81 subunit may vary from complex to complex. Lastly, it should be noted that the complex B core subunits do not require the presence of IFT172, 80, 57, or 20 to remain bound to the core.
Are Weak Interactions Between IFT Proteins
Indicative of IFT Particle Rearrangements? -As reported here and previously (17, 20, 27, 52) , the large, several hundred micron-long IFT particles visualized by electron microscopy (15) are easily disrupted to yield soluble 16-17 S complexes (A and B) and that one of these complexes (B) can be further disrupted by mild increases in ionic strength. This suggests that the IFT particles and possibly the IFT complexes themselves are held together by relatively weak interactions. It is possible that these weak interactions are indicative of the dynamic nature of IFT. At the base of the flagellum, for example, IFT proteins must arrange themselves into the very large (hundreds of microns) IFT particles that form at the base and then move along the length of the organelle. Furthermore, since retrograde IFT particles appear smaller than and outnumber the anterograde particles, it has been hypothesized that the IFT particles undergo a re-arrangement at the distal tip of the organelle (27, 32) . It is reasonable to think that some of the weak interactions observed in vitro may be functioning to facilitate in vivo rearrangements.
Chemically Cross-Linked Proteins can run
Anomalously on Protein Gels -Due to the sensitivity of mass spectrometry (MS), chemical cross-linking of proteins is enjoying renewed interest. Cross-linked species can be separated by one dimensional SDS PAGE, excised, and proteolytically digested. Subsequent MS analysis of the peptides yields a list of masses that can be compared to predicted peptide masses from known proteins in datasets as large as complete genomes. What should be noted, however, is that the relative electrophoretic mobility of a cross-linked pair of proteins appears to be dependent on both the nature of the cross-link and the nature of the acrylamide gel. The standard treatment of proteins with SDS and reducing agents results in linearized proteins with consistent charge to mass ratios that will move through an acrylamide gel in an electric field in a predictable manner. Indeed, proteins are routinely sized by comparing their relative mobility with a set of standard molecular weight marker proteins. Unless two cross-linked proteins, however, are connected end-to-end, the resulting cross-linked species will not behave as a linear polymer. We demonstrate this phenomenon with DMA-cross-linked IFT81 and IFT74/72 which have an apparent relative mobility of 250 kDa when fractionated on a 7.5% acrylamide gel (Fig.4B ). Fractionation on a 4% acrylamide gel, though, revealed two distinct cross-linked species containing both IFT81 and IFT74 and whose relative mobilities decreased to 158 and 165 kDa (Fig. 4C) . Since both species contained only IFT81 and IFT74/72, we conclude that each represented a unique cross-linking event.
IFT81 and IFT74/72 can Form a Higher Order
Oligomer -We show here that IFT81 and IFT74/72 co-purify with the complex B core (Figs.  1, 2 ) and that they can be chemically cross-linked to one another (Fig. 4) . Yeast-based two-hybrid analysis was used to show that these two subunits can physically interact. Indeed, the first coiledcoil domain of IFT74/72 was sufficient to produce an interaction with full-length IFT81. In contrast, IFT81 required both coiled-coil domains to interact with full-length IFT74. Significantly, IFT81 but not IFT74/72 was capable of homodimerization in the two-hybrid assay. Since there appears to be both one IFT74 and one IFT72 in each complex B, we shifted the analysis of these proteins to a yeast-based three-hybrid system which allows expression of a third protein. IFT74 was expressed as fusions with both the DNAbinding domain (BD-74) and the activation domain (AD-74). As with the two-hybrid assay, no interaction was observed between BD-74 and AD-74 in the absence of IFT81. But when fulllength IFT81 was expressed, BD-74 and AD-74 came together in a complex to allow the yeast to grow on selective media. These results indicate that IFT81 and IFT74/72 are capable of forming a higher order oligomer. This analysis, however, does not allow us to distinguish between a trimer containing one copy of IFT81 and two copies of IFT74/72 or a tetramer that also contains a second copy of IFT81. Hydrodynamic measurements of the complex B core favor the tetramer over the trimer while gel densitometry favors neither. Although we can not rule out the possibility of a trimer, we put forth a working model that IFT complex B contains a tetramer of 2 x IFT81, 1 x IFT74 and 1 x IFT72 which serves as a central scaffold to which the rest of the complex B subunits bind (Fig. 8) .
The IFT81-IFT74/72 Interaction is ConservedLike the Chlamydomonas proteins, the human homologues of IFT81 and IFT74/72, CDV-1r and CMG-1 were found to interact with one another in the yeast-based two-hybrid assay (Table II) . This result was not unexpected because recent evidence has indicated that the vertebrate IFT81 and IFT74/72 could be found in cilia. For example, a proteomic study of human tracheal cilia identified the presence of both CDV-1r and CMG-1 (53) . More recently, CMG-1 has been immunolocalized in the primary cilia of human umbilical vein endothelial cells (54) . Consistent with a ciliary and flagellar role are the observations that the CDV-1r and CMG-1 genes are preferentially expressed in ciliated tissues such as the testes, liver, kidney, brain and lungs (49, 50) . And, corresponding to sperm development, transcription of the CDV-1r gene is dramatically upregulated in mouse testes beginning at ~30 days after birth (55, 56) . Lastly, mutations affecting the zebrafish IFT81 gene result in cystic kidneys (57), a phenotype commonly observed with vertebrates carrying mutations in IFT genes (5) . Conclusion -IFT complex B is composed of at least eleven different IFT proteins, some of which can be dissociated under relatively mild conditions to reveal a more stable set of proteins termed the complex B core. Three of the proteins found in this core are IFT81, IFT74 and IFT72. We found that IFT81 could be routinely cross-linked to either IFT74 or IFT72; in this study, we were unable to distinguish between these two nearly identical proteins. Combining two-hybrid and three-hybrid analyses, we have shown that IFT81 & IFT74/72 can directly interact to form a higher order oligomer. Based on these data, we propose that each IFT complex B contains a central tetrameric sub-complex containing two subunits of IFT81 and two subunits of IFT74/72.
FIGURE LEGENDS
FIG. 1. IFT complex B partially dissociates with increased ionic strength. Flagellar matrix was fractionated through a 13 ml 10-25% sucrose density gradient. A, silver stained 7.5% acrylamide gel. B, western blots probed with anti-IFT antibodies as indicated. Complex A proteins (IFT144 and 139) cosediment at 16 S while complex B dissociates into different components. The complex B core proteins co-sediment at 11 S and include IFT88, IFT81, IFT74, IFT72, IFT52, IFT46 and IFT27. IFT172, IFT80, IFT57, and IFT20 fully dissociate from complex B under these conditions.
FIG. 2.
The IFT complex B core subunits co-elute from S-300 gel filtration. Following fractionation on a 10-25% sucrose density gradient in HMEK-300, the complex B core was applied to a Sephacryl S-300 16/60 FPLC column equilibrated in HMEK-300. 2.0 ml fractions were collected, fractionated by SDS PAGE, transferred to nitrocellulose and probed with antibodies as indicated. Arrows from left to right, indicate elution position of calibration standards, thyroglobulin (T), apoferritin (A), alcohol dehydrogenase (ADH), bovine serum albumin (BSA), and ovalbumin (OV), respectively. 3. IFT81 is a coiled-coil protein. A, the IFT81 gene contains 13 exons with 12 introns (base pair sizes are shown). The IFT81 gene produces a cDNA with an open reading frame of 2,052 bp including the termination codon. B, the IFT81 gene encodes a 683 amino acid protein with two regions predicted to form primarily coiled-coil secondary structure. C, IFT81 and IFT74/72 mRNA both increase in response to deflagellation. Samples include non-deflagellated (NDF) and 15 and 60 minutes post-deflagellation. TUB: β-tubulin mRNA. Total RNA is visualized with ethidium bromide.
FIG.
FIG. 4. Chemical cross-linking of IFT81 and IFT74/72.
A, Sucrose density gradient-purified complex B core was treated with increasing concentrations of DFDNB and subsequently precipitated using anti-IFT81 resin and separated by SDS-PAGE using 6% acrylamide. The first lane contains molecular mass standards. A DFDNB cross-linked product with relative mobility of 200 kDa (*) was excised, digested with trypsin and analyzed by MALDI-TOF mass spectrometry; IFT81 and IFT74/72 were the only IFT proteins present in this band. B, 1.0 mM DMA cross-linking of the complex B core yields an IFT81-IFT74/72 cross-linked product (*) with relative mobility of ~250 kDa when separated by SDS PAGE using 7.5% acrylamide. C, The relative mobility of the DMA-IFT81-IFT74/72 product shown in panel B was reduced and the product was resolved into two protein bands with relative mobilities of 158 and 165 kDa when fractionated on a 4% acrylamide gel. These two protein bands contained only IFT81 and IFT74/72 and likely represent separate cross-linking sites each affecting the relative mobility accordingly. All protein gels contained a ratio of 37.5:1 acrylamide to bis-acrylamide and were stained with Coomassie blue following electrophoresis. 
